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to reproduction (Safran, Neuman, McGraw, & Lovette, 2005) . All these systems distinguish and translate light properties, including direction (light from above and below) for background adaptation, intensity (day/ night light) during circadian oscillations, energy or time of exposure (daylight length) for seasonal change and wavelength for UV protection, into specific physiological responses that alter skin pigmentation. F I G U R E 1 Classes of vertebrates analysed in relation to their evolutionary origin, and events/situations that may have affected the roles of melanopsin in light-mediated skin pigmentation. (a) Schematic of five different classes of vertebrates analysed in the context of their evolutionary origin (millions of years ago; MYA). Three important events/situations in evolution that influenced skin pigmentation are shown in red. Fish, amphibians and reptiles [referred to as organisms with a light-exposed integument (LEI) in this review] possess both a photosensitive pineal complex (P.C.) and accessory organs (A.O.; see text for details), while birds do not have accessory organs, although the pineal gland remains photosensitive. Birds and mammals are referred to as organisms with light-protected integument (LPI). Expression of melanopsin genes (opn4x and opn4m) in each group is indicated. (b) Schematic representation of an organism with pigmented cells in the skin, eyes and a pineal complex, in light (yellow) or dark conditions (grey). Melanopsin as a sensor of light to regulate skin pigmentation may have been evolutionarily influenced by three critical features: Opn4x expressed in skin melanophores induces darkening under light conditions, which in organisms with LEI contributes to thermoregulation and UV protection (left); a dual system, with melanin-concentrating hormone (MCH) levels increasing in the context of a white background and αMSH with a dark surface, exists in fish, although the role of melanopsin in regulating the process has not been tested. In amphibians, and possibly in reptiles, birds and mammals, Opn4m and/or Opn4x expressed in the eye participate in a neuroendocrine circuit that regulates α-MSH levels during background adaptation to darken the skin while the role of MCH changed or was lost, as in amphibians, MCH induces pigment dispersion (centre); finally, in mammals, the only melanopsin orthologue, Opn4m, regulates the circadian, and probably the seasonal, variation in melatonin levels, which lightens the skin in LEIs and regulates circadian/seasonal behaviours in organisms with LPI. A direct role of melanopsin in regulating melatonin levels in non-mammalian organisms is unknown. A speculative influence of the three processes on the adaptive selection in regulating skin pigmentation and the loss and incorporation into the brain of a photosensitive pineal gland in mammals (evolution; blue arrows) are indicated. Melanopsin (Opn4x and/or Opn4m) changes from active (green) to inactive (red) forms as a consequence of environmental or background reflected light [Colour figure can be viewed at wileyonlinelibrary.com] Skin colour is provided by specialized pigment-containing cells called chromatophores and melanocytes in LEI and LPI organisms, respectively. Rapid changes in pigmentation are mediated by a quick distribution (aggregation/dispersion) of the pigmented organelles or crystals within the chromatophores (Fujii, 2000; Ligon & Mccartney, 2016; Oshima, 2001; Sköld, Aspengren, Cheney, & Wallin, 2016) , in a process known as "physiological skin pigmentation." In contrast, "morphological skin pigmentation" comprises a slower change in colour that results from varying the type of pigment carried by the chromatophore and/or the number of pigmented cells (Leclercq, Taylor, & Migaud, 2009; Sugimoto, 2002) . Light regulation of skin colour change is a complex process mediated by multiple mechanisms selected through evolution to distinguish light properties. In multicellular organisms, the decoding of light properties is mediated at the molecular, cellular, physiological and anatomical level. The photopigment melanopsin (Opn4x), first described in skin chromatophores filled with melanin (melanophores; Provencio, Jiang, De Grip, Hayes, & Rollag, 1998) , is the initiator ("sees the light") of several light-sensitive mechanisms. In mammals, however, the Opn4m melanopsin orthologue is best known for sensing environmental light that triggers circadian physiological responses Chen, Badea, & Hattar, 2011; Ruby et al., 2002) .
The choice of melanopsin as the light sensor for skin pigmentation regulation was likely influenced by several evolutionary selection pressures. Here, we link the genetics and expression of melanopsins in diverse organisms with the decoding of light characteristics responsible for regulating light-mediated skin pigmentation (Section 2). We suggest that the selection pressures that drove the genetic and anatomical changes underlying phenotypic adaptation in light-regulated pigmentation correlate with three critical features: (i) the requirement for thermoregulation and UV protection in organisms with an LEI, which waned in importance with the appearance of LPI endotherms (Section 3), (ii) a background adaptation mechanism in amphibian ancestors that transitioned to land, which appears to differ from that used by organisms that remained in the water (Section 4), and (iii) the loss of an external photosensitive pineal gland in the mammalian lineage during evolution, such that environmental light is sensed only by the eye (Section 5; Figure 1a ,b).
Melanopsin's role in regulating skin pigmentation is connected to these evolutionary events. First, in organisms with LEI, melanopsin in melanophores regulates skin pigmentation by transducing light energy into intracellular signals that mediate melanosome movements (Isoldi, Rollag, Castrucci, & Provencio, 2005; Rollag, Provencio, Sugden, & Green, 2000) . Melanosome dispersion is critical for thermoregulation and UV protection (Alibardi, 2003; Hoekstra, 2006) , particularly in ectotherms ( Figure 1b) . Second, during the transition to land, a neuroendocrine circuit able to distinguish between light from above and below was selected for evolutionarily. We suggest a model whereby in amphibians, melanopsin-expressing eye cells mediate background adaptation through the regulation of alpha-melanocyte stimulating hormone (α-MSH) production (Figure 1b) . Finally, melanopsin, which in mammals controls melatonin secretion to regulate physiological parameters that oscillate in a circadian manner, may also control melatonin levels in LEI and LPI organisms to mediate circadian/seasonal changes in skin colour (Figure 1b) . The "nocturnal bottleneck hypothesis" (Gerkema, Davies, Foster, Menaker, & Hut, 2013; Wu, Wang, & Hadly, 2017) helps to explain how in the mammalian lineage, evolution selected for both certain opsins, including melanopsin (Davies, Collin, & Hunt, 2012) , and the loss of an external photosensitive pineal gland. Ancient mammals lived in dark caverns during the Mesozoic era to avoid competing with the dominant diurnal reptiles. Thus, in mammals, the control of melatonin secretion from the pineal gland (Lupi, Oster, Thompson, & Foster, 2008; Revell & Skene, 2007) to regulate mammalian skin pigmentation change (Coomans, Ramkisoensing, & Meijer, 2015; evolved to be under the control of a neuroendocrine circuit that originates in the eye with Opn4m in intrinsically photosensitive RGCs (ipRGCs). In contrast, in LEI organisms and birds, the pineal complex remained photosensitive, and instead, it was non-visual opsins for which selection occurred. Whether it is melanopsin, or other non-visual opsins, that regulates melatonin secretion in non-mammals is unknown (García-Fernández et al., 2015; Natesan, Geetha, & Zatz, 2002; Poletini et al., 2015; Ziv, Tovin, Strasser, & Gothilf, 2007) .
| SEEING THE LIGHT: MELANOPSIN EXPRESSION AND THE EVOLUTIONARY ADAPTATIONS THAT MAY HAVE SCULPTED MELANOPSIN'S ROLE IN LIGHT-MEDIATED SKIN PIGMENTATION
Opn4x and opn4m originated by gene duplication soon after the emergence of vertebrates (600 million years ago), but prior to the emergence of Tetrapoda (380 million years ago; Figure 1a) . A second duplication occurred in the teleost lineage after their divergence from land vertebrates, which explains the presence of additional genes in zebrafish (opn4m1, opn4m2, opn4m3, opn4x1 and opn4x2; Bellingham et al., 2006; Bellingham, Whitmore, Philp, Wells, & Foster, 2002; Borges, Johnson, O'Brien, Vasconcelos, & Antunes, 2012; Dong, Zhang, Qiao, & He, 2012) . The opn4x gene was positively selected for in LEI organisms and birds, and lost in the mammalian lineage through unknown selection pressures (Bellingham et al., 2006; Borges et al., 2012; Dong et al., 2012) . The opn4x gene was the first melanopsin gene described that is expressed in skin melanophores, eye and brain of Xenopus laevis (Provencio et al., 1998) , while the only mammalian orthologue, opn4m, was identified a few years later and its expression is confined largely to the retina, and therein to ipRGCs, which make up approximately 2% of RGCs (Berson, Dunn, & Takao, 2002; Hattar, Liao, Takao, Berson, & Yau, 2002; Provencio et al., 2000; Sekaran et al., 2005) . Since then, much of our knowledge of melanopsin function comes from work with mammalian ipRGCs, which are critical for almost all physiological responses regulated by light. The ipRGC axons project to the "master" circadian clock located in the suprachiasmatic nucleus (SCN) to regulate the photoentrainment of circadian rhythms Panda et al., 2002) .
In mammals, pupillary constriction (Chen et al., 2011; Gooley, Lu, Fischer, & Saper, 2003) and sleep induction Lupi et al., 2008 ) also depend on light activation of ipRGCs. It was only melanopsin expression by skin melanophores of LEI organisms that suggested a function in regulating pigmentation (Isoldi et al., 2005; Rollag et al., 2000) , until we showed recently that retinal melanopsin in the eye indirectly regulates pigmentation through activation of a neuroendocrine circuit (Bertolesi, Hehr, & Mcfarlane, 2015; Bertolesi, Hehr, Munn, & McFarlane, 2016; Bertolesi, Song, AtkinsonLeadbeater, Yang, & McFarlane, 2017; Bertolesi, Vazhappilly, Hehr, & Mcfarlane, 2016) . Indeed, ipRGCs regulate the secretion of melatonin (Lucas, Freedman, Muñoz, Garcia-Fernández, & Foster, 1999; Lupi et al., 2008; Sekaran et al., 2005) and α-MSH (Bertolesi et al., 2015) , which modulate skin pigmentation of LEI and LPI organisms (Jenks, van Overbeeke, & McStay, 1977; Slominski, Tobin, Zmijewski, Wortsman, & Paus, 2008) . Thus, the evolutionary aspects of the photopigment, such as the disappearance of opn4x from the mammalian lineage, may have been influenced by melanopsin's roles in regulating skin pigmentation. In this section, we discuss important evolutionary changes that occurred in the three light-sensitive organs (skin, eye and the pineal complex) known to participate in the physiology of lightmediated skin pigmentation that express opn4x and opn4m.
| Melanopsin in the skin: Skin pigment cells and evolution
"Physiological colour change" is a process whereby the background substrate or light/dark circadian oscillations trigger skin colour change through a rapid (minutes to hours) dispersion or aggregation of melanosomes or nanostructures (crystals). Two distinct mechanisms induce these movements. In the "primary colour response," light directly activates photosensitive molecules in the chromatophore, which initiates a signal transduction cascade that redistributes the melanosomes. In the "secondary colour response," light activates neuronal or neuroendocrine systems at a site distant from the chromatophores, and neuro/endocrine signals ultimately cause melanosome movement. Melanopsin is likely a sensor of the light for both the primary and the secondary physiological responses in vertebrates. Of note, light-mediated physiological colour change in invertebrates is also present in sea urchins, insects, arachnids, crustaceans and cephalopods. The structures and mechanisms of invertebrate colour change, however, are markedly different than those of vertebrates (reviewed in Umbers et al., 2014) . Moreover, melanopsin is expressed in vertebrates including the cephalochordate lamprey (Koyanagi et al., 2015) , but is absent from invertebrates (Bellingham et al., 2006; Borges et al., 2012; Dong et al., 2012) . Therefore, we focus only on light-mediated colour change in vertebrates, mediated by melanopsin in the skin (Section 2.1) and the eye (Section 2.2), and by as yet unidentified nonvisual opsins in the pineal complex (Section 2.3).
Various types of skin pigment cells with distinct characteristics are present in vertebrates (recently reviewed in (Schartl et al., 2016) ).
Chromatophores are the pigmented cells in LEI and contain pigmentcontaining membrane bound organelles filled with different kinds of colour pigments (e.g., melanosomes contain melanin) or structural nanoparticles (crystals) that reflect the light. At least eight types of chromatophores exist, which exhibit different colours under white light. For LEI organisms, melanopsin only appears to be present in brown, melanin-containing melanophores. Both melanopsin genes are expressed by embryonic amphibian melanophores in vivo and in vitro (Bertolesi et al., 2015; Moraes, de Lima, Ramos, Poletini, & de Lauro Castrucci, 2014; Provencio et al., 1998) .
In LPI homoeotherms, the pigment cells are called melanocytes and contain melanin and carotenoids as the main colour pigments.
Carotenoids are responsible for most of the red, orange and yellow colours of birds (Price, 2006) . In mammals, melanocytes are the epidermal pigment cell, with melanin and subproducts intermediate in its synthesis as the pigments solely responsible for skin coloration. The ratio of the pheomelanin (yellow⁄red pigment) to eumelanin (brown⁄black pigment) determines skin colour (Hoekstra, 2006; Slominski, Tobin, Shibahara, & Wortsman, 2004) . The mature melanosomes are transported to the dendritic tips and transferred to surrounding keratinocytes, giving rise to melanized skin, hair, fur or feathers. Thus, varying the numbers of melanocytes (proliferation), and the type of melanin and/or its secretion, rather than melanosome migration, alters pigmentation in LPI organisms.
Evolutionarily, the melanocytes in LPI organisms derive from melanophores of the ectothermic amniotes (reptiles) or amphibian ancestors that increase abruptly the diversity of melanosomes, as seen in feathers and well-preserved fossils of sauropsida (birds) and synapsid (mammalians) lineages (Li et al., 2014; Lindgren et al., 2015) . In support of a melanophore/melanocyte evolutionary relationship, melanopsin is expressed in melanocytes in LPI organisms (Haltaufderhyde, Ozdeslik, Wicks, Najera, & Oancea, 2015) , and pheomelanin, which is synthesized in melanocytes of birds, mammals, but not fish, was also detected in amphibian fossils (Colleary et al., 2015; Kottler, Künstner, & Schartl, 2015) . In Section 3, we discuss how melanopsin activation in skin melanophores induces melanosome dispersion, contributing to thermoregulation and UV protection.
The evolution of the skin was complex and influenced by several processes. For example, basal amniotes (or advanced anthracosaurians that gave rise to reptile, bird and mammalian lineages) in the Carboniferous period (350 million years ago) adapted the integument to a terrestrial environment by retaining humidity through skin keratinization and an epidermis that could continuously renew (Figure 1a ; Alibardi, 2003) . Particularly relevant for melanopsin function, in LEI organisms the dispersion of melanosomes was selected for (or maintained) as a mechanism for both thermoregulation and protection against the harm caused by UV light. Differences in the mechanism between purely aquatic organisms as compared to terrestrial and amphibian animals are not surprising, as thermoregulation is more important on land than in the water (Aspengren, Sköld, & Wallin, 2009; Fujii, 2000; Nilsson Sköld et al., 2013) . Moreover, the appearance in the skin of adaptive isolation systems (fur and feathers), which both minimized temperature loss and the skin's exposure to UV damage, was a feature in the process of natural selection for endothermy common to both the mammalian lineage and the stem archosaurs, and non-avian theropod dinosaurs of the avian lineage (Lovegrove, 2016; Xing et al., 2016) .
| Melanopsin in the eye: Eye structure and evolutionary origin
The two light-sensitive organs that trigger a secondary skin pigmentation response are the eye (lateral eye) and pineal complex. Both organs share a diencephalic embryological origin (Ekstrom & Meissl, 2003) and contain light photosensitive pigments in LEI organisms and birds ( Figures 1a and 2a,b) .
A comparative analysis of the eyes of extant animals, combined with what is known about embryonic eye development and the molecular genetic analysis of photoreceptors and retinal cells, strongly suggests that the vertebrate camera-style eye was present in a common ancestor approximately 700 million years ago (Lamb, 2013) .
Common to all living vertebrates is a retina composed of seven cell classes organized into three layers (Figure 2a In the eye of LEI organisms and birds, small numbers of ipRGCs and a subtype of horizontal cell (ipHC) are the main melanopsin-expressing cells (Bellingham et al., 2002; Bertolesi et al., 2015; Cheng, Tsunenari, & Yau, 2009; Jenkins et al., 2003; Verra, Contín, Hicks, & Guido, 2011) .
As melanopsin expression confers photosensitivity, the cells are called (b) Evolutionary diversification of cell types in the vertebrate retina (eye) and pineal complex. All neurons in the retina and the pineal complex evolved either from a rhabdomeric photoreceptor precursor expressing an r-opsin or from a ciliary photoreceptor precursor expressing a c-opsin. Rods, cones and probably bipolar cells in the retina, as well as the typical photoreceptors (tPR) and the modified photoreceptors (mPR) in the pineal complex, originated from the ciliary precursor. Amacrine cells, horizontal cells and RGCs derived from a rhabdomeric precursor, which expressed an r-opsin like melanopsin (ipRGC and ipHC). Morphologically, the secretory pinealocytes (PS) in the pineal complex resemble the rhabdomeric rather than the ciliary cells. (c) Schematic representation of the variation in the cellular composition of tPRs, mPRs and PS in the pineal gland during vertebrate evolution. (d) Expression of melanopsin in the skin, the eye (ipHCs and ipRGCs), as well as in the pineal complex (PC), consisting of the accessory organs (AO, which include the frontal organ, parapineal and parietal eye) and the pineal gland (PG; See text for detail and references) [Colour figure can be viewed at wileyonlinelibrary.com] intrinsically photosensitive to distinguish them from classical RGCs and horizontal cells (Cheng et al., 2009; Drivenes et al., 2003; Hattar et al., 2002; Figure 2a,b) . Mammals do not have ipHCs, and melanopsin (opn4m) expression is restricted to eye ipRGCs Hattar et al., 2002) .
In vertebrates, all retinal and pineal neurons originate evolutionarily from two cell types, which co-existed early in the common ancestor of the deuterostomes and the protostomes. Based on transcription factor expression, the developmental origin of the cells and their physiological functions, Arendt (2003) In Section 4, we discuss a neuroendocrine circuit for background adaptation that initiates in the eye with melanopsin-expressing cells and may have been selected for during the evolution of land-dwelling amphibian ancestors, as it functions differently in teleosts.
| Melanopsin and melatonin secretion from the pineal complex: Pineal complex structure, function and evolution
The main role of the pineal gland is the synthesis and secretion of melatonin, which is phased to the light/dark cycle, with secretion increasing at night and absent during the day. To understand the involvement of melanopsin and other non-visual opsins in the regulation of melatonin secretion, one has to understand the evolution of the pineal gland. In this review, we use the term "pineal complex" to comprise the pineal gland and its accessory structures. The latter includes the frontal organ in amphibians, the parietal eye in lacertilian reptiles and the parapineal organ in lamprey and fish. The accessory organs are absent from birds and mammals ( Figure 1a ). Circadian melatonin secretion is conserved in all vertebrates, independent of whether an animal is more active in the day or night. Melatonin secretion is entrained by the light-dark cycle, such that even in the absence of light stimuli melatonin levels remain phased. An internal "entrained" circadian rhythm involves (i) photosensitive molecules expressed in cells of a specific organ, and (ii) the synthesis and secretion of melatonin in a 24-hr cycle in phase with environmental light. In birds and organisms with LEI, photosensitivity and melatonin secretion are located in the pineal complex (Bernard et al., 1997; Cassone, 1990) , but in mammals, they are separated, with the eye providing photosensitivity and the pineal gland secreting melatonin (Ben-Moshe, Foulkes, & Gothilf, 2014; Klein, 2006) . This separation suggests that the oscillation of melatonin levels phased with light evolved before mammals lost pineal gland photosensitivity. Indeed, melatonin circadian and seasonal oscillations strongly influence skin pigmentation in the animal kingdom. In mammals, melatonin levels are modulated by light acting through the ipRGCs of the eye (Lupi et al., 2008; Sekaran et al., 2005) . Thus, an interesting, and as yet untested, question is whether melanopsin also influences melatonin levels in birds and LEI organisms? In the absence of experimental data, the answer to this question, however, is not immediately evident, as both the pineal complex structure, and the connection between the pineal gland and the photosensitive initiator, changed drastically during evolution, and additional opsins were evolutionary selected and are expressed alongside melanopsin in the photosensitive pineal complex of LEI organisms.
The pineal complex varies widely between organisms, not only with respect to cell type composition but also with regard to morphology (Mano & Fukada, 2007; Sapède & Cau, 2013) . Although "pinealocyte" is a generic term for the main cell type of the pineal gland, a more appropriate classification based on cell morphology identifies three main cell types, which derived evolutionarily from the two common predecessors described earlier for the retina (Figure 2b Concomitant with evolutionary changes in cell morphology, the anatomical localization of the photosensory cell responsible for inducing melatonin secretion also changed.
In mammals, the pineal gland was incorporated into the brain and lost light sensitivity, segregating photosensitivity and secretion. The "nocturnal bottleneck" hypothesis postulated by Walls in 1942, and reviewed recently by Gerkema and colleagues (Gerkema et al., 2013) , provides an explanation for this loss in photosensitivity. The hypothesis maintains that during the Mesozoic period mammalian ancestors were nocturnal, allowing them to succeed in niches with minimal competition from the diurnal and dominant archosaurs (ancestral reptiles; e.g., dinosaurs; Figure 1a ). The niches' separation had a strong selection influence that led to both an ability to regulate corporal temperature (Crompton, Taylor, & Jagger, 1978; Lovegrove, 2016) and the adaptation of photosensory systems (Davies et al., 2012) . Diurnal reptiles were dependent on solar radiation to maintain their corporal temperature (ectothermia), while energetic systems able to maintain body temperature at night independently of solar radiation evolved in lineages that gave rise to birds and mammals (endothermia). Nocturnal activity seemingly also led to dramatic changes in photoreception, including the loss of underused photosensitive structures such us the pineal complex; extraretinal photoreceptors were likely not sensitive enough for mammalian ancestors emerging at twilight from the safety of dark caverns to discern small light changes. The presence of ipRGCs in all vertebrates, and extraocular photoreceptors in all vertebrates but mammals, argues that both photosensing cell types were present in a diurnal ancestor. Similarly, the evolutionary selection of different opsins likely reflects a decreased need for colour vision in a nocturnal environment (Davies et al., 2012; Nickle & Robinson, 2007) . The loss of an extraocular photosensitive organ was likely concomitant with the rearrangement of neuronal circuits in the eye and/or the eye-to-brain nerve projections. For instance, ipHCs are present in vertebrates but not mammals, suggesting that in mammals the function of ipHCs was no longer necessary or was taken over by other circuits.
In mammals, photoreceptors and ipRGCs combine to transfer light irradiance information from the eye to the SCN to define "luminance levels" and day length. Melanopsin is a valuable player in mammalian circadian rhythm entrainment, because of its ability to respond to light.
Melanopsin alone is sufficient for photic entrainment in mice that have lost classic photoreceptors Lucas et al., 1999) , and for the induction of light-mediated electrophysiological responses in ipRGCs and SCN neurons Hattar et al., 2002) .
Indeed, melanopsin knockout mice show an attenuated response in circadian photoentrainment (Panda et al., 2002; Ruby et al., 2002) .
Melanopsin is not essential, however, because ipRGCs can be activated by signals originating in photoreceptors Güler et al., 2008; Lall et al., 2010) . Nevertheless, sleep latency and melatonin levels in mammals are regulated through a melanopsindependent neuroendocrine circuit through the SCN to the pineal gland (Lupi et al., 2008; Revell & Skene, 2007 ).
Melanopsin's role in regulating melatonin in non-mammalian organisms, however, is not clear. Birds and reptiles have a hybrid system, where light acts either via photosensitive pinealocytes, or the activation of the retina and a projection to the SCN, to suppress daytime melatonin production (Cantwell & Cassone, 2006; Tosini, Bertolucci, & Foà, 2001 ). Although melanopsin is expressed in the eye and the pineal complex of birds (Chaurasia et al., 2005;  Figure 2d ), its contribution to melatonin production has not been demonstrated. Moreover, a different photopigment (VA-opsin) is associated with avian pineal gland-associated reproductive behaviours mediated by light (García-Fernández et al., 2015) . In reptiles, (e.g., Anolis carolinensis) the parietal eye functions in light photosensitivity and thermoregulation, and not melatonin synthesis (Underwood & Calaban, 1987) . Nonetheless, parietalectomy affects melatonin biosynthesis by the pineal gland, and the circadian rhythm in iguanid (Sceloporus occidentalis; Bethea & Walker, 1978) and scincid (Trachydosaurus rugosus; Firth & Kennaway, 1980) lizards, reflecting a neuronal connection between the parietal eye and pineal gland. The fact that melanopsin is absent from the reptilian pineal complex (Dearworth et al., 2011; Frigato, Vallone, Bertolucci, & Foulkes, 2006; Figure 2d) , suggests that either a melanopsin-activated eye-pineal gland neural circuit or other photopigments within the pineal complex regulate melatonin secretion. Data from zebrafish support the idea that photopigments other than melanopsin regulate melatonin secretion. First, both 408-512 nm (maximum at 500 nm) and 560-608 nm (optimum at 570 nm) wavelength light suppress melatonin production from perfused pineal glands (Ziv et al., 2007) .
Second, melanopsin is not expressed in the pineal gland of zebrafish (Foster & Bellingham, 2004; Koyanagi et al., 2015;  Figure 2d ), although it is located in the lateral habenular subnucleus in close proximity to the pineal complex (Eilertsen et al., 2014) .
A role for melanopsin in regulating melatonin secretion has also not been shown in amphibians, although it is well known that circadian variation in skin pigmentation depends on melatonin secretion from the pineal gland (Bagnara, 1960 (Bagnara, , 1963 (Bagnara, , 1999 Filadelfi et al., 2005) . Rising melatonin levels induce melanosome aggregation and skin whitening at night (dark), a response that is abolished in pinealectomized larvae (Figure 3b ; Bagnara, 1963 Bagnara, , 1960 . In X. laevis, the response occurs at developmental times in which melanopsin is already expressed in the eye and the pineal complex (Bertolesi et al., 2017 (Bertolesi et al., , 2015 Provencio et al., 1998 ; our own unpublished data). The circuits that control changes in skin colour appear segregated even early in development, in that background adaptation occurs independently of the pineal complex, whereas skin pigmentation responses to differences in illumination occur in the absence of the eye (Figure 3b ). Thus, although it is clear that pineal complex light photosensitivity regulates skin pigmentation, a role for melanopsin in this mechanism needs testing. In Section 5, we discuss the involvement of the pineal gland and melanopsin in circadian and seasonal regulation of skin pigmentation.
| MELANOPSIN IN SKIN PIGMENT CELLS REGULATES THE PRIMARY PHYSIOLOGICAL COLOUR RESPONSE-THERMOREGULATION AND UV PROTECTION
In the skin of amphibians and fish, melanopsin in melanophores may play a role in the primary pigmentation response. In support, pigment dispersion is induced by light at wavelengths that correspond with the maximum peak sensitivity of melanopsins from several species (approximately 480 nm; Bailes & Lucas, 2013; Davies, Hankins, & Foster, 2010; Spoida et al., 2016) . Of note, where tested, the two melanopsin proteins show little difference in absorbance properties. For instance, chicken (G. gallus) Opn4m and Opn4x exhibit the same spectral sensitivity (476-484 nm; Torii et al., 2007) , and zebrafish Opn4m3 and Opn4x2 have slightly different peaks at 484 nm and 470 nm, respectively (Davies et al., 2011) . Two aspects need to be considered when testing experimentally for melanopsin involvement in the primary physiological response. First, the experimental system needs to be isolated from neuronal or neuroendocrine response circuits (e.g., chromatophores in vitro), as in most vertebrates physiological colour change is under neural and/or neuroendocrine control (Nery & Castrucci, 1997) . Second, other opsins in addition to melanopsin may also be expressed by melanophores and participate in the response. In this regard, in the Rainbow trout salmon, 380 and 480 nm are the optimal light wavelengths for melanosome aggregation and dispersion, respectively. Interestingly, melanosome dispersion correlates with melanopsin expression in that F I G U R E 3 Melanopsin in the tadpole eye drives the background adaptation response, and the pineal complex the response to environmental light. (a) Expression of opn4m determined by in situ hybridization. (I) Dorsal view photomicrograph of the head of a stage 42 Xenopus tadpole indicating the approximate position of the sections analysed. Melanopsin is expressed in skin melanophores (II), the pineal gland (III) and in the retina (IV and V) in intrinsically photosensitive retinal ganglion cells (ipRGC) and horizontal cells (ipHC). Note that the melanopsin-expressing cells are located preferentially in the dorsal eye region as viewed in sagittal (aIV) and transverse (aV) section. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; ON, optic nerve. (b) Schematic representation of the retina (circle with light in the dorsal and ventral area) and the pineal complex (oval) sensing light on a white (yellow surface) or a black background (black surface), or light/dark conditions (sun/yellow or moon/grey, respectively), is shown in the left panels. Pigmentation at the midline of the dorsal head in the indicated light conditions (right panels) in control, enucleated (no eye) or pinealectomized (no pineal complex, No P.C.) stage 47 tadpoles. Note that eyeless tadpoles lose background adaptation, but not environmental light sensing capacity that depends on the pineal complex. Also note the lack of pigmentation in the pineal complex area in control tadpoles on a black background (enlarged image). (c) Model for the regulation of amphibian skin pigmentation by α-MSH in background adaptation and melatonin for light/dark conditions. Background-induced pigmentation is mediated through a neuroendocrine circuit that regulates α-MSH secretion by melanotrope cells located in the pars intermedia pituitary. The model is that melanopsin-expressing cells (ipRGC and ipHC) located in the dorsal retina sense light with a white background and activate second-order neurons, called suprachiasmatic melanotrope inhibitory neurons (SMIN; red cells). The SMIN then release the neurotransmitters GABA, neuropeptide Y and dopamine to inhibit the synthesis of α-MSH by melanotropes (red arrow, small letters). Low systemic α-MSH levels result in melanosome aggregation and pale skinned tadpoles. With a black background, dorsal melanopsin-expressing cells are inactive (red) and do not activate SMINs, relieving the repression of melanotropes. The resultant increase in α-MSH release (green arrow, big letters) induces dispersion of pigment granules in melanophores. During background adaptation, light from above actively blocks melatonin synthesis from the pineal complex. In contrast, at night (dark), melatonin is secreted from the pineal complex inducing pigment aggregation. Melatonin also inhibits (red arrow) α-MSH secretion [Colour figure can be viewed at wileyonlinelibrary.com] melanophores from smolt salmon (individuals ready to head to the sea) express melanopsin and disperse melanosomes, but these features are absent from parr (young adults in fresh water) salmon (Chen, Robertson, & Hawryshyn, 2014) . While melanopsin might play a direct role in the primary response, the data to date are mainly correlative. More substantive evidence come from studies with a melanophore cell line established from stage 30-35 X. laevis tadpoles that shows Opn4x and Opn4m have a distinct subcellular localization, with Opn4x found in the cell membrane and cytoplasm, and Opn4m in the nucleus . In these cells, light induces melanosome dispersion with a maximum response at 460 nm (Daniolos, Lerner, & Lerner, 1990) , and only when all trans retinal is present (Rollag, 1996) , suggesting an opsin-mediated response. Additionally, Opn4x overexpression in the cells enhances pigment dispersion .
Interestingly, different responses to light are observed in cultured stage 51-54 larval Xenopus melanophores from those of the stage 30-35 cell line, with light inducing aggregation instead of dispersion (Seldenrijk, Hup, de Graan, & van de Veerdonk, 1979) . Differential expression of photopigments may explain these data (Oshima, 2001) , as the tails of Xenopus larvae at stages 51-54 express rhodopsin mRNA (Miyashita, Moriya, Kubota, Yamada, & Asami, 2001; Moriya et al., 1996) . Together, these data suggest that melanopsin, potentially Opn4x, is the photosensitive pigment that triggers a primary physiological response. A specific melanopsin inhibitor, AA92593 (Jones et al., 2013) , which competes with all trans retinal binding to melanopsin and inhibits melanopsin function without affecting rod/cone mediated responses, will be useful in testing such a direct role. Of note, AA92593 inhibits both Opn4m (Jones et al., 2013) and Opn4x (Bertolesi et al., 2015) .
The melanopsin-controlled primary physiological response may be regulated in a circadian manner. Light changes the levels/activity of most of the genes involved in the regulation of circadian biological clocks, including specific transcription factors (CLOCK and Baml1; Chong, Bernard, & Klein, 2000; Zilberman-Peled et al., 2007) and the period circadian homologs protein 1 and 2 (Per1 and Per2), in a cyclic manner to phase the biological clocks to environmental light levels (Klein, 2006; Simonneaux & Ribelayga, 2003) . These proteins are expressed in isolated X. laevis melanophores, and melanopsin-sensitive night, while opn4m mRNA shows little circadian entrainment (Moraes, de Lima et al., 2014) . In rat retinas, however, opn4m mRNA exhibits circadian oscillations that peak at night (Hannibal, 2006; Hannibal, Georg, Hindersson, & Fahrenkrug, 2005) .
We postulate that the triggering of a primary physiological response by melanopsin activation arose first during evolution as a means of thermoregulation and UV protection, while the neurally controlled secondary physiological and morphological colour changes were co-opted later for the purposes of camouflage and behavioural signalling. A better understanding of the physiological roles of Opn4x and Opn4m in the regulation of skin colour change will shed light on whether the role they play in the primary physiological response is related to the positive selection of opn4x in melanophores of organisms with LEI.
| MELANOPSIN-EXPRESSING CELLS IN THE EYE REGULATE BACKGROUND ADAPTATION
Studies by Babak and Laurens a century ago demonstrated that amphibians need their eyes to adapt their skin to the background. They observed that salamander (Amblystoma punctatum) larvae placed in diffuse light on a white background were pale, while those on a black background were dark (Figure 3a) . This response disappeared in eyeless animals (Babák, 1910; Laurens, 1915) . Similar results were obtained subsequently with other LEI organisms, including amphibians (Bertolesi et al., 2017; Imai & Takahashi, 1971) , teleosts (Shiraki, Kojima, & Fukada, 2010) and reptiles (Kleinholz, 1936) . As discussed below, in amphibians, the pineal complex plays only a minimal role if any in background adaptation, and instead functions in skin pigmentation changes to environmental irradiance (light/dark; Bagnara, 1963 Bagnara, , 1960 . This is because during background adaptation, light acts directly at the level of the pineal gland to block melatonin synthesis (see Section 5; Kalsbeek et al., 2000; Klein, 2006; Perreau-Lenz, Kalsbeek, Van Der Vliet, Pevet, & Buijs, 2005) . Indeed, in amphibians, background adaptation occurs in pinealectomized animals ( Figure 3b ; Bertolesi et al., 2017) .
| A neuroendocrine circuit links melanopsinexpressing cells in the eye with α-MSH secretion in amphibians
The pigment dispersing agent α-MSH is responsible for background adaptation in amphibians (de Rijk, Jenks, & Wendelaar Bonga, 1990; Kramer et al., 2003) and reptiles (Okelo, 1986) . In Xenopus kept on a white background, melanotropes of the pars intermedia pituitary synthesize and store α-MSH, which is then released into the circulation when the animals are transferred to a black background (Jenks et al., 1977; Kramer et al., 2003; Roubos, Van Wijk, Kozicz, Scheenen, & Jenks, 2010) . The first evidence that the pars intermedia controls background adaptation was that Xenopus tadpoles exhibited a pale or a dark skin after hypophysectomy and intermedia pituitary xenotransplantation, respectively (Etkin, 1941) .
Many of the details of the connection between eye-pars intermedia pituitary (α-MSH)-background adaptation were worked out in X. laevis, and melanopsin is a key player. Our studies using Xenopus tadpoles, where pineal complex/melatonin production is not yet fully mature (Bertolesi et al., 2017) , suggest that the neuronal circuit that controls α-MSH secretion initiates in the eye with melanopsin as the photopigment that senses the light (Bertolesi et al., 2015) . A pale skin occurs with light wavelengths to which melanopsin is sensitive, and the AA92593 melanopsin inhibitor triggers skin darkening (Bertolesi et al., 2015) , and an increase in α-MSH levels (Bertolesi, Vazhappilly et al., 2016) . Thus, the background adaptation neural circuit inhibits α-MSH secretion when light from below activates melanopsin, but is de-repressed by a black background (Figure 3c ).
The circuit that links melanopsin-expressing cells in the eye to melanotropes in the pituitary has mostly been defined. Intermedia suprachiasmatic melanotrope inhibitory neurons (SMIN) likely provide an inhibitory synaptic input from the SCN to block pituitary α-MSH release (Figure 3c ), in that SMIN express dopamine, neuropeptide Y and gamma amino butyric acid (GABA; de Rijk et al., 1990; Jenks et al., 1977; Kramer et al., 2003; Scheenen, Jansen, Roubos, & Martens, 2009 ), all known to reduce the frequency of spikes in melanotropes and inhibit α-MSH secretion (Desrues, Castel, Malagon, Vaudry, & Tonon, 2005; Jenks et al., 1977; Roubos et al., 2010; Tomiko, Taraskevich, & Douglas, 1983) . Further, the inhibitory neuropeptides accumulate in the SCN of toads adapted to a white but not a black background (Tuinhof et al., 1993; Ubink, Tuinhof, & Roubos, 1998) .
Studies from our laboratory fit with this model as melanotropes express α2β1 GABA-A receptor subunits, and treatment of embryos with distinct GABA receptor antagonists darkens the skin, similar to what we observe with the AA92593 melanopsin inhibitor (Bertolesi, Vazhappilly et al., 2016) . Still lacking in the model is direct evidence of a synaptic interaction between ipRGCs and SMIN (Figure 3c ).
How exactly does the animal recognize black versus white backgrounds? One explanation is that only certain regions of the retina function in background adaptation, and direct versus reflected light might have different access to these regions. The retina shows topographic variations in the distribution of specific cell populations (Novales Flamarique & Wachowiak, 2015) and particularly interesting is that ipHCs and ipRGCs localize mainly to the dorsal retina of X. laevis (Figure 3a IV,V), zebrafish (Matos-Cruz et al., 2011) and rats (Hannibal, Hindersson, Nevo, & Fahrenkrug, 2002; Hattar et al., 2002) . The dorsal part of the retina receives considerably less light than the ventral retina when the animal is on a black background, because of surface absorption of the reflected light (Figure 3b schematic) . In contrast, the ventral retina is illuminated similarly in animals, regardless of background, because the amount of light shining down on the embryo is unaffected by background (Figure 3b schematic) . As activating melanopsin results in less α-MSH production, the location of ipHCs and/or ipRGCs in the retina may provide the animal with the information that it needs to recognize its background. A model is that on a white background light activates ipRGCs and/or ipHCs localized in the dorsal retina, which activate a neural circuit that turns off α-MSH production, while on a dark background, these cells are dramatically less active, which de-represses the inhibition and allows the plasma α-MSH levels to rise (Figure 3c ).
Another key question is whether the light that triggers background adaptation in amphibians is captured by ipHCs and/or ipRGCs? ipRGCs are photosensitive and localize in the dorsal retina and therefore are good candidates to distinguish the amount of light coming from below. ipHCs could also be involved. In support, ipHCs from chicken act as light photoreceptors (Morera, Díaz, & Guido, 2016) , suggesting that they retain vestiges of ancient photoreceptor cells. In agreement, opn4x expression by ipHCs initiates when the visual system becomes active (E15; Mey & Thanos, 2000; Verra et al., 2011) . Additionally, ipHCs are seven times more abundant than the ipRGCs in the Xenopus embryonic retina (Bertolesi et al., 2015; Figure 3a IV,V) , which could amplify the light signal. Prior to the identification of melanopsin and ipHCs, two horizontal cell types were identified in the Xenopus retina that undergo profound changes in their response to dark and light adaptation (Hassin & Witkovsky, 1983; Witkovsky, 2000) . Particularly interesting are the "dark-adapted" horizontal cells, which exhibit a slow light-evoked kinetic response and a wavelength sensitivity (Hassin & Witkovsky, 1983) similar to that described for the response of ipHCs from teleost (Cheng et al., 2009; Jenkins et al., 2003) . Further studies will be necessary to characterize the ipHCs, how they respond to background adaptation and to confirm that the "dark-adapted" horizontal cells express melanopsin. Moreover, if ipHCs do act as "light" receptors, it begs the question as to how the signals get transferred to either ipRGCs or classical RGCs. In mammals, ipRGCs directly sense environmental light, but also receive light information from rods and cones Güler et al., 2008; Lall et al., 2010) . Knowing the circuit connections of ipHCs will contribute to understanding how background adaptation is driven in mammalian retinas lacking ipHCs.
| Melanin-concentrating Hormone (MCH) secretion and background adaptation in teleosts
In amphibians, background responses rely on a melanopsin-dependent regulation of the secretion of α-MSH. In teleosts, however, there is no consensus about the role of α-MSH in background adaptation, in part because species differences, the duration of the adaptation (short vs. long-term) and the degree of acetylation of α-MSH (mono-acetylated vs. di-acetylated) appear to influence the response (Arends et al., 2000; Cal, Suarez-bregua, Cerdá-reverter, Braasch, & Rotllant, 2017) . Indeed, α-MSH plasma levels remain constant in trout and flounder, even weeks after moving to a new background (Baker, Wilson, & Bowley, 1984; Rodrigues & Sumpter, 1984) , and in tilapia melanotropes adapted to different backgrounds (van der Salm, Metz, Wendelaar Bonga, & Flik, 2005) . In contrast, α-MSH increases in barfin flounder shortly after a switch from a white to black background (Cal et al., 2017; Mizusawa, Kobayashi, Yamanome, Saito, & Takahashi, 2013) .
Instead, melanin-concentrating hormone (MCH) from the lateral tuberal nuclei of the hypothalamus appears to be the main hormonal regulator of pigment movement in teleosts. A white background promotes melanosome aggregation through the synthesis and secretion of MCH in several teleost species (Green, Baker, & Kawauchi, 1991; Gröneveld et al., 1995; Hayashi, Sugimoto, Oshima, & Fujii, 1993; Kang, Kim, & Jang, 2016; Lyon & Baker, 1993; Sugimoto, Uchida, & Hatayama, 2000) , but, to our knowledge, there are no reports of a similar effect in amphibians. Both amphibian and fish chromatophores respond to α-MSH by dispersing melanosomes, but MCH stimulates aggregation and dispersion within fish and tetrapod (frog and lizard) chromatophores, respectively (Ferroni & Castrucci, 1987; Ide, Kawazoe, & Kawauchi, 1985; Matsunaga, Hruby, Lebl, Castrucci, & Hadley, 1989) , suggesting that MCH does not act as an aggregating factor in white background-adapted amphibians. The distinct responses may involve either a differential calcium-mediated signal transduction response (Ferroni & Castrucci, 1987) , or the expression of different MCH receptors (Kobayashi, Hamamoto, Hirayama, & Saito, 2015) . Thus, it raises the possibility that two different mechanisms have evolved at the molecular level to control background adaptation, with α-MSH predominating in amphibians and MCH in teleosts.
An interesting question, given the possibility of distinct background adaptation mechanisms in fish and amphibians, is whether melanopsin mediates light-regulated MCH secretion? Zebrafish mutants that lack most of their rod and cone photoreceptors still adapt to the background, providing some support for a role of a non-visual opsin in the background adaptation response (Muto et al., 2005; Neuhauss et al., 1999) . Given the importance of melanopsin in the eye for amphibian background adaptation (Bertolesi et al., 2015) , one might expect a similar requirement for eye-melanopsin in teleost background adaptation. In support, background adaptation is lost in eyeless fish (Hafeez & Quay, 1970; Shiraki et al., 2010) . Unlike amphibians (Bertolesi et al., 2017) ; however, in fish, the pineal gland is also involved in background pigmentation. The pineal gland synthesizes a teleost specific antagonist of the melanocortin receptor (MC1R), named agouti-related peptide 2 (AgRP2; Västermark et al., 2012; Zhang et al., 2010) , which inhibits MCH (pmch) mRNA expression in secretory neurophysiotrophic neurons of the lateral tuberal nuclei (Gröneveld et al., 1995; Zhang et al., 2010) . Fish lacking AgRP2 darken their skin when on a white background (Zhang et al., 2010) . Thus, studies of melanopsin expression and function in the pineal complex and/or eye of teleosts will need to be performed to determine the importance of melanopsin in background adaptation.
| α-MSH and ACTH in mammalian melanogenesis: an evolutionary perspective on "seasonal/background adaptation"
Is the eye-melanopsin-α-MSH circuit maintained in mammals?
Background adaptation in mammals is slow and involves the morphological skin pigmentation mechanism, where pigmentation changes occur via alterations in pigment levels and/or pigment cell numbers. It is worth noting that the slow background adaptation is strongly associated with seasonal variation, as per the nine or more mammalian species that moult from brown to white so that coat colour tracks the presence of snow (Mills et al., 2013) , or adaptation to other variable seasonal backgrounds in which prey/predator behaviours are critical (Caro, 2005) . During evolution, the neuroendocrine regulation of α-MSH and its related predecessor polypeptide adrenocorticotropic hormone (ACTH) were selected/maintained as skin pigmentation regulators of seasonal/background coating. In mammals, α-MSH and ACTH stimulate melanogenesis and the switching of the pheo-to the eumelanin biosynthetic pathway in vivo and in vitro (reviewed by Slominski et al., 2004) . In contrast, MCH has no direct role in mammalian skin pigmentation and instead controls food intake and energy homoeostasis (Amano & Takahashi, 2009; Pissios & Maratos-Flier, 2003) .
The eye-α-MSH/ACTH pathway serves as the main system in mammals to regulate skin pigmentation, although important anatomical and physiological changes related to the production and function of α-MSH and ACTH arose during evolution. Some of these changes are revealed when comparing the ontogeny and functional role of the pituitary gland between amphibians and mammals. α-MSH is synthesized mainly in the pars intermedia and ACTH in the anterior pituitary.
α-MSH is a 13 amino acid peptide derived from the N-terminal portion of the 39 amino acid long ACTH (Lowry, Bennett, & McMartin, 1974) , and both are subproducts of the proopiomelanocortin (POMC) peptide, which also includes β-MSH, γ-MSH and β-endorphin. The convertase PC1 cleaves POMC to produce ACTH, while PC2 cleaves the first 14 amino acids of ACTH to generate ACTH-(1-14)-OH, which is then converted to α-MSH (Cortés et al., 2014; Marcinkiewicz, Day, Seidah, & Chrétien, 1993; Zhou, Bloomquist, & Mains, 1993) . Interestingly, the anatomy of the pituitary shows a strong correlation at the evolutionary and ontogeny levels with α-MSH production. Amphibians produce higher levels of α-MSH and have a more prominent intermedia lobe than mammals, while an increase in anterior pituitary size at the expense of the intermedia pituitary occurs during mammalian development (Allen, Hatfield, & Stack, 1988; Marcinkiewicz et al., 1993) .
Indeed, circulating α-MSH levels are low in humans (Usategui et al., 1976) , although they do change in a seasonal manner (Altmeyer, Stöhr, & Holzmann, 1986) . This seasonal regulation of α-MSH occurs in almost all mammalian species analysed (Lincoln & Baker, 1995; Logan & Weatherhead, 1980a; McFarlane et al., 2011) . Variation in light/day length mediates, in an α-MSH dependent manner, seasonal growth of horns of Soay sheep (Ovis aries) and pelage in the Siberian hamster (Phodopus sungorus; Lincoln & Baker, 1995; Logan & Weatherhead, 1980b) . α-MSH levels also regulate murine skin pigmentation responses in vitro and in vivo. α-MSH stimulates the differentiation, melanosome maturation and dendritogenesis of melanocytes in primary culture (Hirobe, 1992a) , and after subcutaneous injection of newborn mice (Hirobe, 1992b) . Both α-MSH and ACTH induce proliferation, differentiation and melanogenesis of cultured human melanocytes, but not melanosome dispersion (Abdel-Malek et al., 1995; Hirobe, 1992b Hirobe, , 2011 , in agreement with the diminished levels of melanosome movement in melanocytes relative to chromatophores. The actions of α-MSH and ACTH on mammalian melanogenesis are mediated through one of the five known melanocortin receptor subtypes (MC1R to MC5R; Cortés et al., 2014) . In melanocytes, α-MSH binds to MCR1 with greater affinity than ACTH, while MCR2 binds ACTH but not α-MSH (Hirobe & Abe, 2000; Millington, 2006) . Differentiation, proliferation and survival of melanocytes are induced by α-MSH and ACTH through binding to MCR1 (Hirobe & Abe, 2000; Kadekaro, Kanto, Kavanagh, & Abdel-Malek, 2003) , suggesting that MCR1 participates in morphological skin pigmentation.
In summary, two molecular mechanisms may have evolved to regulate skin pigmentation during background adaptation in organisms with LEI: α-MSH levels increase in amphibians on a black background, while MCH levels rise in fish on clear surfaces. In mammals, α-MSH and ACTH retain a strong influence on skin physiology and melanogenesis, whereas MCH was co-opted to control food intake and metabolism and not skin colour. Melanopsin is key for regulating the α-MSH levels that drive background adaptation in amphibians, but its involvement in mammalian α-MSH and teleost MCH control has not yet been demonstrated. In mammals, an indirect regulation of seasonal α-MSH levels by melatonin, and therefore a dependency on retinal melanopsin photosensitivity, does exist and will be discussed in Section 5.
| MELANOPSIN REGULATION OF MELATONIN SECRETION FROM THE MAMMALIAN PINEAL GLAND: CIRCADIAN AND SEASONAL REGULATION OF SKIN PIGMENTATION
Annual and daily photoperiods are produced by the translation of the earth around the sun and the earth's rotation on its axis, respectively (Figure 4 ). Both processes alter light intensity; therefore, in many organisms, physiological mechanisms have evolved to anticipate and accommodate to these cyclic changes. We discussed circadian oscillations in Xenopus melanosome aggregation/dispersion, and α-MSH-mediated seasonal changes in mammalian coat colour as being analogous to background adaptation. Here, we focus on how cyclic melatonin secretion from the mammalian pineal gland is regulated by a melanopsinmediated photosensory system, and the influence of annual and daily photoperiods (Jan, Reiter, Wasdell, & Bax, 2009; Simonneaux & Ribelayga, 2003) .
Melatonin provides a robust endocrine read-out of both circadian period and day length, enabling it to influence both daily and seasonal rhythms in many species (Figure 4) . In mammals, the SCN is a likely site to integrate the effects of circadian and seasonal changes in daylight on melatonin-mediated endocrine functions (Coomans et al., 2015; Herzog, 2007) . In mammals, melanopsin in the eye is the light sensor, with information being transferred to the SCN to define "luminance levels". As circadian variation in melatonin levels is regulated by melanopsin (Lupi et al., 2008; Revell & Skene, 2007) , it is possible that melatonin-dependent seasonal colour variation is as well (Figure 4 ).
In mammals, the SCN's ability to encode the circadian photoperiod is regulated at the cellular level, with isolated SCN cells exhibiting a circadian rhythm in their firing rate (Herzog, Takahashi, & Block, 1998; Shirakawa, Honma, Katsuno, Oguchi, & Honma, 2000) . In contrast, adjustment to a seasonal photoperiod requires a functional neural network (Figure 4) . The response to the circadian light/dark cycle is F I G U R E 4 Circadian and seasonal regulation of skin pigmentation. Schematic representation of the circadian and seasonal light-mediated regulation of melatonin and α-MSH secretion/signal in LEI organisms and mammals. The circadian and seasonal photoperiod is produced by the earth's rotation and translation, respectively. The light/dark cycles are sensed by the retina, and the information transferred to neurons in the SCN, with individual cells exhibiting a circadian rhythm in their firing rate (output). Norepinephrine is released from sympathetic nerves at night and acts on pinealocytes to activate enzymes involved in the melatonin biosynthetic pathway, such as AANAT. Melatonin is secreted at night from the pineal gland in phase with norepinephrine (NE), inducing melanosome aggregation in the skin. The circadian oscillation of melatonin and norepinephrine secretion correlates with melanosome aggregation in LEI organisms. Translation of the earth alters the length of days that is read-out by a neuronal network in the SCN. The photoperiod information of several days influences the electrical activity of the SCN network (integrated output) in that during the short summer night (long photoperiod) the output is expanded and nocturnal melatonin signal is compressed temporally, while the signal is expanded during the long winter night (short photoperiod). In mammals, seasonal skin pigmentation correlates with αMSH levels that peak during the spring, inducing change in the pelage when short photoperiods (low melatonin) begin [Colour figure can be viewed at wileyonlinelibrary.com] mediated by the same specific transcription factors and proteins described in melanophores (e.g., clock, bmal1, per1 and per2) . Melatonin synthesis by the pineal gland is cyclical, with a key enzyme in the biosynthetic pathway, arylalkylamine N-acetyltransferase (AANAT; Figure 4 ), regulated at the transcriptional and post-translational level by transcription factors (CLOCK and Baml1; Chong et al., 2000; Zilberman-Peled et al., 2007) and proteins (Per1 and Per2) whose level/activity is high at night (Klein, 2006; Simonneaux & Ribelayga, 2003) , and low during the day (Figure 4) . In mammals and teleosts, pineal gland per1 and per2 increase at night to stimulate melatonin synthesis, which in LEI organisms causes melanosome aggregation.
In contrast, melanophore per1 and per2 expression increases in the photophase, when melanosome dispersion occurs (Huang, Ruoff, & Fjelldal, 2010; Mogi, Uji, Yokoi, & Suzuki, 2015; Mogi, Yokoi, & Suzuki, 2017) . This difference is explained by the fact that in mammals, melatonin production is not turned on directly by light, but rather as a result of SCN stimulation of phasic norepinephrine release from the dense sympathetic afferent nerve terminals that innervate the pineal gland (Figure 4 ; Cagampang, Okamura, & Inouye, 1994; Coomans et al., 2015; Klein, 2006; Perreau-Lenz et al., 2005; Simonneaux & Ribelayga, 2003) . Indeed, in the SCN, per1 and per2 expression is increased when the eye is exposed to light, as for skin melanophores, but inhibited in the pineal gland at night by norepinephrine action (Fukuhara, 2004; Simonneaux et al., 2004) .
The role of melatonin on skin pigmentation in mammals has been reviewed and will not be discussed here . Instead, we point out that the circadian secondary physiological pigmentation response in amphibian tadpoles is dependent on melatonin secretion from the pineal gland (Bagnara, 1960 (Bagnara, , 1963 (Bagnara, , 1999 Filadelfi et al., 2005) . Melatonin induces skin whitening at night (dark) as melatonin levels rise, a response that is abolished in pinealectomized larvae (Figure 3b ; Bagnara, 1963 Bagnara, , 1960 . Both norepinephrine and melatonin induce melanosome aggregation of fish and amphibian melanophores through binding with specific receptors (Aspengren, Sköld, Quiroga, Mårtensson, & Wallin, 2003; Brouwer, 1970; Xu & Xie, 2011) , suggesting a correlation between the mechanisms evolved in circadian rhythm regulation and skin pigmentation.
Of note, melatonin-induced melanosome aggregation of fish and amphibian melanophores is through binding with the melatonin receptor Mel1c (Andersson, Sköld, & Svensson, 2003; Aspengren et al., 2003; Mårtensson & Andersson, 1996; Pickering, Sword, Vonhoff, Jones, & Sugden, 1996; Svensson et al., 1993) , which is present in fish, amphibians and birds, but disappeared during evolution in the lineages that gave rise to mammals (Ebisawa, Karne, Lerner, & Reppert, 1994) .
Interestingly, the predicted orthologue of mel1c in eutherian mammals, gpr50, plays an important role in thermoregulation (Bechtold et al., 2012) , but fails to bind melatonin (Dufourny et al., 2008; Lai et al., 2002) , enforcing the idea that pigmentation and thermoregulation are also evolutionary linked.
Together, these studies show that melanopsin photosensitivity in the mammalian eye regulates norepinephrine synthesis in the SCN and melatonin secretion by the pineal gland. Melatonin can then control the pigmentation of mammalian fur and skin through direct and indirect mechanisms (Fischer, Slominski, Tobin, & Paus, 2008; Kim, Lin, Tidwell, Li, & Slominski, 2015; Logan & Weatherhead, 1980a; Slominski et al., 2004 Slominski et al., , 2008 Weatherhead & Logan, 1981) . A direct role of melanopsin in regulating melatonin secretion in organisms with LEI has not yet been tested, and other photopigments may be involved. Nonetheless, both norepinephrine and melatonin induce melanosome aggregation in LEI organisms (Figure 4 ).
Melanopsin photosensitivity represses α-MSH secretion during background adaptation in amphibians, and melatonin levels during the photophase in mammals. Interestingly, in both amphibians and mammals melatonin may help keep α-MSH levels low. Certainly, levels of the two molecules are inversely correlated, with melatonin levels high and α-MSH levels low in winter when the nights are long, and increased α-MSH in the spring when the melatonin signal decreases (Figure 4a) . Further, the melatonin receptor Mel1a (MT1 in mammals) is expressed by α-MSH-synthesizing pituitary cells in adult (Wiechmann, Vrieze, & Wirsig-Wiechmann, 2003) and larval (Bertolesi et al., 2017) X. laevis, and the size of the pars intermedia pituitary, which increases in black background-adapted Xenopus (Corstens, Roubos, Jenks, & Van Erp, 2005; de Rijk et al., 1990) , is reduced by melatonin treatment concomitant with skin lightening (Bertolesi et al., 2017) . This ability of melatonin to reduce α-MSH secretion appears to be conserved in mammals. Indeed, activation of MT1 receptors on cultured rat pituitary cells inhibits transcription of the pomc precursor of α-MSH (Tsukamoto et al., 2010 (Tsukamoto et al., , 2013 , and α-MSH pituitary levels increase after pinealectomy and decrease with melatonin injection, effects also regulated by light exposure (high in the light and low in the dark; Kastin, Schally, Viosca, Barrett, & Redding, 1967) . Melatonin repression of pituitary α-MSH secretion may have two important consequences in skin regulation mediated by light: first, in organisms with LEI, the circadian response ensures low levels of the dispersing agent α-MSH at night when the melatonin aggregating response is in effect. Second, in mammals, and probably in birds as well, it allows for seasonal variation, whereby α-MSH levels increase over the spring as the daylight amplitude extends and reduces melatonin secretion (Figure 4) . Together, these data suggest that in both amphibians and mammals, α-MSH levels are regulated seasonally, and melanopsin's regulation of melatonin levels may have indirect consequences on systemic α-MSH levels and pigmentation.
In summary, circadian oscillations in LEI organisms are mediated both by a primary physiological response (dispersion during the day) in which Opn4x appears to participate, and a melatonin-dependent secondary physiological response (aggregation at night). We hypothesize that Opn4x in LEI melanophores induces dispersion during the photophase, but it remains unknown if melanopsin is the photopigment responsible for repressing melatonin levels in LEI organisms. In mammals, however, melanopsin (Opn4m) in the eye participates in the entrainment of the circadian rhythm through regulating melatonin secretion. Such entrainment involves norepinephrine and melatonin secretion, which are both repressed during the photophase and increase at night. In LEI organisms, both these molecules induce melanosome aggregation. It remains to be determined whether the disappearance of opn4x and mel1c in the mammalian lineage is linked to the arrival of fur and/or decrease in melanosome movement.
| CONCLUSIONS
Two melanopsin orthologues (opn4x and opn4m) are light-sensitive molecules in the blue light spectrum that were selected during evolution to participate in several mechanisms that control light-mediated skin pigmentation. The two genes were generated by gene duplication before the transition to land (amphibians). Expressed by melanophores of LEI organisms, melanopsin (mainly opn4x) triggers melanosome dispersion to contribute to thermoregulation and UV protection. In amphibians, melanopsin-expressing cells (ipRGC and ipHC) in the retina are distributed mainly in dorsal regions, which may allow light from above and below to be distinguished during background adaptation.
Light sensitivity in the eye activates a neuroendocrine circuit that increases the expression of α-MSH in a black background-adapted animal to darken the skin, while the system is repressed in animals on a white substrate. This system appears conserved in mammals, in that α-MSH, and its biosynthetic predecessor molecule, ACTH, regulates hair growth and pelage. Seasonal variation in skin growth/colour in mammals correlates with α-MSH levels. In contrast, background adaptation in fish appears to be regulated by MCH, whose secretion is increased on a white background. The role of melanopsin in regulating the adaptation of fish to their background is unknown.
Skin colour changes in relation to circadian and seasonal variation in light/dark day length, and melanopsin, at least in mammals, is the mechanism used to sense these variations. In LEI organisms, variation in daylight is sensed by the photosensitive pineal gland to activate specific neuroendocrine circuits. Norepinephrine and melatonin levels increase at night and act through specific receptors on skin melanophores to induce melanosome aggregation and skin lightening. The triggering of melanosome aggregation in LEI organism by Mel1c activation, however, was lost in the mammalian lineage during evolution. In contrast to LEI organisms and birds, the mammalian pineal gland is not photosensitive, and light-mediated responses are initiated by melanopsin in the eye. The bottleneck hypothesis provides an explanation for this change. It suggests that during the Mesozoic period mammalian ancestors that became nocturnal avoided competition with the dominant reptiles. A strong evolutionary consequence was the loss of a photosensitive and external pineal gland in mammals. The switch to nocturnal behaviour, and the change in pineal gland anatomy, possibly occurred alongside genetic variation in several photopigments and the rearrangement of neuroendocrine circuits. In LEI organisms, several photopigments, not present in mammals, may sense light to regulate changes in skin pigmentation colour. In mammals, melanopsin in the eye regulates melatonin levels, and consequently circadian skin physiology responses, as well as possibly with the seasons.
